Background. The impact of donor age in paediatric kidney transplantation is unclear. We therefore examined the association of donor-recipient age combinations with graft survival in children. Methods. Data for 4686 first kidney transplantations performed in 13 countries in 1990-2013 were extracted from the ESPN/ ERA-EDTA Registry. The effect of donor and recipient age combinations on 5-year graft-failure risk, stratified by donor source, was estimated using Kaplan-Meier survival curves and Cox regression, while adjusting for sex, primary renal diseases with a high risk of recurrence, pre-emptive transplantation, year of transplantation and country. Results. The risk of graft failure in older living donors (50-75 years old) was similar to that of younger living donors {adjusted hazard ratio [aHR] 0.74 [95% confidence interval (CI) 0.38-1.47]}. Deceased donor (DD) age was non-linearly associated with graft survival, with the highest risk of graft failure found in the youngest donor age group [0-5 years; compared with donor ages 12-19 years; aHR 1.69 (95% CI 1.26-2.26)], especially among the youngest recipients (0-11 years). DD age had little effect on graft failure in recipients' ages 12-19 years.
A B S T R A C T
Background. The impact of donor age in paediatric kidney transplantation is unclear. We therefore examined the association of donor-recipient age combinations with graft survival in children. Methods. Data for 4686 first kidney transplantations performed in 13 countries in 1990-2013 were extracted from the ESPN/ ERA-EDTA Registry. The effect of donor and recipient age combinations on 5-year graft-failure risk, stratified by donor source, was estimated using Kaplan-Meier survival curves and Cox regression, while adjusting for sex, primary renal diseases with a high risk of recurrence, pre-emptive transplantation, year of transplantation and country. Results. The risk of graft failure in older living donors (50-75 years old) was similar to that of younger living donors {adjusted hazard ratio [aHR] 0.74 [95% confidence interval (CI) 0.38-1.47]}. Deceased donor (DD) age was non-linearly associated with graft survival, with the highest risk of graft failure found in the youngest donor age group [0-5 years; compared with donor ages 12-19 years; aHR 1.69 (95% CI 1.26-2.26)], especially among the youngest recipients (0-11 years). DD age had little effect on graft failure in recipients' ages 12-19 years.
Conclusions.
Our results suggest that donations from older living donors provide excellent graft outcomes in all paediatric recipients. For young recipients, the allocation of DDs over the age of 5 years should be prioritized.
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I N T R O D U C T I O N
It has been well established that in children with end-stage renal disease, renal transplantation offers optimal patient survival probabilities, cognitive development, quality of life and growth [1] [2] [3] [4] [5] . Deceased donor (DD) kidney allocation policies aim to reduce waiting times and provide high-quality grafts to the best-matched recipients in order to improve post-transplant patient and graft survival. The donor-recipient matching process is often based on a composite points-based system involving factors such as waiting time, human leucocyte antigen and blood group matching, percentage of panel-reactive antibodies, distance between donor and recipient and medical urgency.
In the USA and most European countries, a DD recipient 'young-for-young' matching policy has been implemented, as this 
would reduce the number of size mismatches, the risk of hypoperfusion and graft non-function [6] [7] [8] [9] [10] [11] . In addition, grafts from paediatric donors show a superior long-term kidney function compared with grafts from adult donors, likely due to their ability to adapt to the growing child [12, 13] . Conversely, earlier reports have shown a higher risk of graft loss in recipients of (very) young donors due to surgical complications, high rates of graft thrombosis, early rejection and hyperfiltration injury [8, 9, [14] [15] [16] .
It is known that living donation offers better long-term graft survival and improved growth compared with deceased donation [17] [18] [19] . In adult transplant recipients, it has been established that advanced living donor (LD) age is associated with poorer graft survival compared with younger LDs [20] [21] [22] . In paediatric LD transplantation, it remains unclear whether utilizing kidneys from elderly donors, such as from grandparents, may affect graft survival compared with kidneys from younger donors.
Although recipient and donor age are both known to affect graft survival, a potential interaction effect between recipient and donor age on graft survival has not previously been explored in depth and physicians may question whether to accept an organ from a grandparent or from a DD. Therefore the current study aims to optimize the utilization of donor grafts by examining how the relationship between donor age and recipient age affects 5-year graft survival in paediatric kidney transplant recipients.
M A T E R I A L S A N D M E T H O D S

Data source and study population
This observational cohort study was performed using incident patient data from the European Society for Paediatric Nephrology/European Renal Association-European Dialysis and Transplantation Association (ESPN/ERA-EDTA) Registry database for 13 European countries where donor age has been reported [23] . Denmark, Finland, France, Greece, Norway, Portugal, Spain and the UK provided data from 1 January 1990 to 31 December 2013; Belgium from 2006; Belarus from 2010; Germany from 2012; and The Netherlands and Turkey from 2007. Data were extracted on patients' date of birth, sex, primary renal disease (PRD), date of first transplantation and events such as graft failure, death, changes in renal replacement therapy (RRT) modality and transfer out of the registry, as well as on donor source and age.
Statistical analysis
The primary outcome studied was 5-year graft survival. The association between donor age and recipient age on graft failure risk, stratified by donor source, was estimated using Kaplan-Meier survival curves and Cox regression models. After examination of the splined effect of both donor and recipient age on graft failure, age categories were defined for DD age groups as 0-5, 6-11, 12-19, 20-49 and 50 years and for recipient age groups as 0-5, 6-11 and 12-19 years at transplantation. In addition, subgroup analyses were performed in children 0-3 years old at transplantation. Due to the small number of patients in this subgroup, we combined the previous donor age groups to 0-5, 6-19 and 20 years to increase the statistical power in the stratified analyses. All analyses were stratified by donor source and adjusted for recipient age at transplantation, donor age, sex, PRD with a high risk of recurrence (defined as focal segmental glomerulosclerosis, membranoproliferative glomerulonephritis, haemolytic uremic syndrome, oxalosis or systemic lupus erythematosus), pre-emptive transplantation, calendar year of transplantation and country. As DD age and recipient age displayed a non-linear relationship with graft loss, both were included in the Cox model using restricted cubic splines. Patients were censored when lost to follow-up, at the end of the study or after 5 years of follow-up, whichever came first. In countries providing data over the full study period (Denmark, Finland, France, Norway, Spain and the UK, representing 90.2% of available data), we compared whether graft survival had improved between the periods 1990-2000 and 2000-13. We also studied death-censored graft survival in a sensitivity analysis. Results were similar and therefore not described. Analyses were performed using SAS 9.4 (SAS Institute, Cary, NC, USA) and R version 3.3.1 (R Project for Statistical Computing, Vienna, Austria). Table 1 . In countries providing data over the full study period [n ¼ 4229 (90.2%)], the proportion of LD transplants increased from 19.7% in 1990-2000 to 25.4% in 2000-13 (P < 0.0001). Among LDs, 78.6% were between 30 and 50 years of age, reflecting that the majority of living donations likely come from parents. Among DDs, 61.4% received a young-foryoung (both recipient and donor <19 years of age) donor, which varied by country (Appendix 1 in Supplementary data). The percentage of deceased adult donations (>20 years of age) was 44.5% in adolescent recipients (12-19 years old), whereas this was 29.4% in recipients <12 years of age.
R E S U L T S
Recipient and donor characteristics
Graft survival
A total of 537 graft failures occurred during 16 221 patient follow-up years, corresponding with a 5-year graft failure rate of 33.1 per 1000 patient-years. The overall 5-and 10-year graft survival rates were 86.3% [95% confidence interval (CI) 85.2-87.4] and 73.2% (95% CI 71.1-75.2), respectively. In DD recipients, the 5-and 10-year graft survival rates were 85.1% (95% CI 83.7-86.3) and 72.0% (95% CI 69.7-74.3), respectively, compared with 90.1% (95% CI 87.8-92.0) and 76.9% (95% CI 72.1-81.0) in LD recipients (log-rank P < 0.0001). DD recipients had a higher risk of graft failure compared with LD recipients [hazard ratio (HR) 1.68 (95% CI 1.24-2.12)]. In countries providing data over the full study period The association between recipient age and graft survival Graft survival varied by recipient age. In recipients 0-5 years of age, the 5-and 10-year graft survival rates were 84.2% (95% CI 81.5-86.6) and 75.2% (95% CI 71.7-78.4). Similarly, in the subgroup of patients transplanted at 0-3 years of age, the 5-and 10-year graft survival rates were 83.8% (95% CI 80.0-87.0) and 76.7% (95% CI 71.9-80.8). In recipient ages 6-11 years, the 5-and 10-year graft survival rates were 89.9% (95% CI 87.9-91.5) and 76.7% (95% CI 73.4-79.6), and in recipients ages 12-19 years, the 5-year graft survival was 84.6% (95% CI 82.8-86.3). In the latter group there were insufficient patients with complete follow-up to accurately assess 10-year graft survival, as adolescents are often lost to follow-up when transferred to adult care. During 5 years of follow-up, recipient age was non-linearly associated with graft loss (Figure 1 ; P < 0.0001) but did not differ by transplant source (P-value for interaction term ¼ 0.80) or study period (P-value for interaction term ¼ 0.94; Appendix 3 in Supplementary data). Compared with the recipient age group 6-11 years, graft failure risk was higher in patients transplanted at 0-5 years of age [adjusted HR (aHR) 1 Notably, the percentage of early graft failure (within the first 3 months post-transplantation) was higher in recipients <5 years of age (63.4% of all the grafts lost during the first 5 years) compared with recipients ages 6-11 years (42.0%) and 12-19 years (40.1%). In recipients 0-3 years of age, the percentage of early graft failure was 71.4% of all the grafts lost during the first 5 years, possibly reflecting the surgical difficulties of transplantation in the youngest patients. In patients with a functioning graft at 3 months post-transplant, compared with the recipient age group 6-11 years, graft failure risk was similar in patients transplanted at 0-5 years of age [aHR 1.01 (95% CI 0.69-1. 
Graft survival in donor-recipient age combinations
In all recipient age groups, living donation provided the lowest adjusted risk of graft failure. To answer the question of which DD age provides the best graft survival in the absence of a suitable LD, we focused on the comparison of donor and recipient age combinations. HRs and Kaplan-Meier curves are presented in Table 2 and Figure 3 and the non-linear effect of DD age on graft failure is presented by recipient age group in Appendix 4 in the Supplementary data. In the youngest recipients (ages 0-5 years), the risk of graft failure was highest in DDs 0-5 years of age [compared with DDs 12-19 years; aHR 2.01 (95% CI 1.11-3.67)]. A subgroup analysis in recipient ages 0-3 years provided similar results ( Table 2 , Appendix 5 in Supplementary data). In transplant recipients ages 6-11 years, compared with the DD age group 12-19 years, graft failure risk was also higher in those receiving a graft from a 0-to 5-year-old DD [aHR 2.38 (95% CI 1.31-4.32)], whereas other donor age groups showed similar graft failure risks. In adolescent recipients ages 12-19 years, graft survival was similar across all DD age groups, suggesting that adolescence itself is a more influential determinant of graft failure.
D I S C U S S I O N
We show that recipient-and donor-age combinations affect 5-year graft survival in the largest cohort of European paediatric renal transplant recipients studied to date. First, we demonstrate a non-linear effect of recipient age on graft survival, finding a Hazard ratios were adjusted for PRD with a high risk of disease recurrence, sex, country and pre-emptive transplantation.
higher rate of graft failure in the youngest and adolescent recipients. Second, we describe a non-linear effect of DD age on graft survival, with the highest rates of graft failure occurring in recipients of the youngest donor grafts. Importantly, LD age did not affect the risk of graft failure, independent of recipient age. Lastly, we establish a high risk of graft failure in younger, preadolescent recipients receiving grafts from DDs <5 years of age, whereas in adolescent recipients, DD age seemed less important than adolescence itself. Graft failure was highest in the youngest and adolescent transplant recipients. In adolescents, the poor graft survival has been attributed to poor compliance with immunosuppression regimens [24] [25] [26] . Recipients <5 years of age show a higher risk of graft failure, especially during the first 3 months posttransplantation, most likely reflecting the surgical difficulties of transplantation in the youngest patients [27, 28] . However, after having successfully bridged this initial high-risk period, longterm graft survival was equal compared with patients 6-11 years of age and superior compared with adolescents. Similar results have been demonstrated in the UK and Ireland [29] and by the 2014 North American Pediatric Renal Trials and Collaborative Studies (NAPRTCS) report, which shows the poorest graft survival in DD recipients <2 years of age, especially during the initial post-transplant period [18] . However, improvement may be possible, as in the Nordic countries within Scandiatransplant, as graft survival rates have improved greatly over the past decades, especially among recipients <2 years of age receiving a DD transplant. Between the periods 1982-96 and 1997-2012, the number of transplantations doubled in this group, and the 1-and 3-year graft survival rates improved from 70% to 94.6% and from 60% to 94.6%, respectively, which is now superior to the graft survival in older recipient age groups. The authors attributed this improvement to better surgical techniques and changes in anticoagulation and immunosuppression protocols [30] .
DD age is of major importance for graft survival. Similar to our findings, early reports from the USA described a U-shaped association between DD age and graft failure, with higher rates of graft failure occurring in the youngest and oldest donor kidneys, and an 'optimal' donor age determined at 20-25 years of age [8, 9, 27, 31, 32] . However, the range of 'optimal' DD age has widened over the years. Between 1998 and 2007, the Collaborative Transplant Study found poor outcomes in donors >49 years of age and in those <11 years of age, but similar 10-year survival rates for DDs 11-49 years of age [33] . More recently, the NAPRTCS 2014 annual transplant report cited poor graft survival in recipients of donors <2 years and >50 years of age, but comparable graft survival rates within this age range [18] . In contrast to the NAPRTCS, we found no significant higher risk of graft loss in DDs >50 years of age, although we did find a small upwards trend in increasing risk with older age. However, the number of older donors in our study may be too small to obtain statistical significance.
We demonstrated high rates of graft loss in recipients of kidney grafts from DDs 0-5 years of age, especially in preadolescent recipients. This effect was retained after excluding the high-risk donors <2 years of age. In line with our findings, a recent study from the USA demonstrated that paediatric recipients from small (10-20 kg) paediatric donors were at a significantly increased risk for graft loss compared with recipients from adult donors, recommending a cautionary use of these donors as a source to expand the donor pool in children [35] . The poor outcomes found in the youngest donor kidneys has previously been attributed to surgical complications, high rates of graft thrombosis, early rejection and hyperfiltration injury due to size mismatching [8, 9, 14, 15] . Consequently, there has been a reluctance to procure the youngest DD kidneys for transplantation, with a considerable decline in the proportion of donors 0-5 years of age, decreasing from 16.4% during 1988-97 to 7.5% during 1998-2007 in the USA [33] . Nonetheless, multiple studies have shown that even the youngest donors provide acceptable graft outcomes in both adults and children when transplanted en bloc [35] [36] [37] [38] [39] . Since December 2004 in the Eurotransplant region, en bloc procurement is compulsory in donors <2 years of age and recommended in donors between 2 and 5 years of age [40] . In other European countries, the en bloc transplantation policy differs, but remained the same during the study period (Appendix 6 in Supplementary data). As en bloc transplantation constitutes a small percentage of all paediatric transplantations, any potential residual confounding in our results will be marginal. D o n o r a g e a n d g r a f t s u r v i v a l i n p a e d i a t r i c r e n a l t r a n s p l a n t a t i o n [41, 42] . In contrast to the adult transplant population where older LDs showed poorer graft survival rates [20] [21] [22] , we found no association between LD age and graft loss, even in donors 50-75 years of age, although the number of older LDs in our study may be too small and the 5-year follow-up too short to find an effect. Indeed, Tasaki et al. [43] found a worse long-term graft survival in young recipients receiving grafts from LDs >50 years of age compared with LDs <50 years of age, but only 9 years after transplantation. In line with our results, a United States Renal Data System study found no effect of LD age on graft survival in patients <21 years of age [44] , and two single-centre studies found no difference in graft survival between paediatric recipients receiving a LD transplant from a grandparent or a parent [45, 46] . Furthermore, Dale-Shall et al. [32] demonstrated in the USA that paediatric recipients of LDs up to the age of 54 years provide higher long-term graft survival rates compared with all DD age groups. Graft survival was only reduced in recipients of LDs >55 years old after 5 years of follow-up but was still similar to that of the ideal 18-to 34-year-old DD [32] . Altogether, these data suggest that older LDs provide excellent graft outcomes in paediatric recipients, independent of recipient age, and should be preferred, given adequate matching, over kidneys from DDs.
Some limitations of our study need to be acknowledged, including missing data on the cause of graft failure, which could further help differentiate early from long-term graft failure, and the issue of unmeasured donor and recipient variables, such as the percentage of panel reactive antibodies, the number of human leucocyte antigen mismatches, the cold ischaemia time, immunosuppression regimens, ethnicity and whether or not the kidneys were transplanted en bloc, which may have led to residual confounding. Furthermore, although we also present 10-year graft survival, the primary outcome used in the current study was graft survival at 5 years. This is a relatively limited amount of time to assess graft failure in children and therefore the results should be interpreted accordingly. Additionally, as France, the UK and Spain compose almost 80% of the total study population and only 13 countries were included in this analysis, our results are hardly generalizable to the rest of Europe. An additional limitation may be the lack of centre-specific data. Although patient and donor factors likely explain most of the variation in graft survival between centres, centre volume and surgeon experience are likely to affect graft survival rates, especially in the smallest children. In other medical fields it seems that centralized, high-volume centres are able to provide better patient outcomes compared with low-volume centres [47] [48] [49] [50] , although this remains unproven in our subspecialty [51] .
Although many countries have implemented a 'young-foryoung' donation policy, where 'younger' DDs are allocated preferentially to children, allocation schemes vary widely in their definition of 'young'. For example, Eurotransplant preferentially allocates donors <16 years of age to recipients <16 years of age, whereas in the UK, recipients <18 years of age are preferentially allocated well-matched donors <50 years of age, and in Serbia, recipients <21 years of age have regional priority for donors <30 years of age [11] . As both recipient and DD age show a non-linear effect on graft failure risk, a differential graft failure risk exists dependent on recipient and DD age combinations. We therefore recommend fine-tuning the young-for-young allocation schemes by increasing the granularity of the definitions of 'young'. Specifically, we recommend prioritizing the allocation of DDs >5 years of age (with no specific upper age limit) to pre-adolescent recipients and a cautionary use of the 'youngest-for-youngest' allocation. In adolescents, we found poor graft survival rates for DD transplantation across the entire DD age range, precluding any specific donor age recommendations for allocation policy.
S U P P L E M E N T A R Y D A T A
Supplementary data are available online at http://ndt.oxfordjour nals.org.
